Ligands with C 3 symmetry have been used extensively as building blocks in supramolecular coordination chemistry. By a combination with metal-based connectors, it is possible to obtain coordination cages.
1 Most commonly, these cages have a tetrahedral, an octahedral, or a prismatic geometry (Scheme 1a), but more complex structures such as cuboctahedra, 2 dodecahedra, 3 trigonal antiprisms, 4 interlocked cages, 5 or a double-walled tetrahedron 6 have been reported as well. 1 The rigidity of the ligand is a decisive parameter for the successful formation of coordination cages because smaller aggregates are entropically favored. As a result, flexible ligands prefer to form complexes with low nuclearity such as podates 1h,7 or "trigonal boxes" 8 (Scheme 1b). For most of the abovementioned structures, the C 3 symmetry of the ligand is, at least locally, preserved in the final supramolecular aggregate. Below, we describe a novel structural motif, which was obtained with a tripodal ligand containing terminal 2,3-dihydroxypyridine groups. When combined with (arene)ruthenium(II) connectors, cylindrical nanostructures instead of cages were formed (Scheme 1c).
Over the last years, we and others have shown that the reaction of 2,3-dihydroxypyridine ligands with (arene)ruthenium(II) or (cyclopentadienyl)metal [metal ) rhodium(III), iridium(III)] complexes results in the formation of trinuclear complexes. 9 The trimers are thermodynamically very stable, but they still undergo exchange reactions.
10 This characteristic prompted us to investigate whether they can be used as a structural motif for the construction of even larger aggregates (with the trimers acting as metal-based connectors). Recently, we have reported that this is indeed possible: when C 2 -symmetrical bis (2,3-dihydroxypyridine) ligands were reacted with organometallic half-sandwich complexes, helical nanostructures were obtained.
11 In these complexes, two pyridonate trimers were connected by three linear spacers. In an extension of this work, we have now explored the reaction of a C 3 -symmetrical tris (2,3-dihydroxypyridine) ligand with (arene)ruthenium(II) complexes. On the basis of symmetry considerations, we anticipated that this should result either in the formation of capped trimers, which represent analogues of podates (Scheme 1b) or in the formation of large cage structures (Scheme 1a). Unexpectedly, the self-assembly process resulted in the formation of a novel type of structure, which is detailed below.
The synthesis of the tris(2,3-dihydroxypyridine) ligand 6 is described in Scheme 2. The C 3 symmetry is provided by a trisubstituted benzene core, which was introduced in the form of 1,3,5-triformylbenzene (5). The 2,3-dihydroxypyridine groups were linked to this central core by condensation with the primary amine 4, followed by reduction of the resulting imine. The aminomethyl-substituted 2,3-dihydroxypyridine 4 was obtained in three steps. First a Mannich reaction between the commercially available 2,3-dihydroxypyridine (1) and dibenzylamine was performed to give 2. After protection with a tert-butyldimethylsilyl (TBDMS) group, the amine 4 was obtained by hydrogenation of 3. The ligand 6 was formed in a final deprotection step with boron trifluoride etherate. The crude material was then purified by reversed-phase high-performance liquid chromatography (the synthesis is described in detail in the Supporting Information).
The formation of trinuclear (arene)ruthenium(II) complexes is generally achieved by reacting the 2,3-dihydroxypyridine ligands with chloro-bridged half-sandwich complexes in the presence of a base. 9 Following this general procedure, we have first dissolved ligand 6 (as the trifluoroacetic acid salt) with the dimers [(η 6 -C 6 H 6 )RuCl 2 ] 2 or [(η 6 -C 6 H 5 Me)RuCl 2 ] 2 in water. The pH of the solution was then slowly raised by vapor diffusion of NEt 3 . This led to the slow precipitation of complexes 7 and 8 in 57 and 52% yield, respectively (Scheme 3).
The complexes were found to be soluble in organic solvents such as MeOH or CHCl 3 . The 1 H NMR spectra of 7 and 8 confirmed the expected 3:1 ratio of (arene)ruthenium to ligand 6. The spectra were surprisingly complex, however, with three sets of signals for the π ligands and an apparent loss of C 3 symmetry for the bridging ligand (Figure 1) .
The molecular weights of complexes 7 and 8 were determined by high-resolution mass spectrometry. The results indicated that both complexes are composed of six (arene)ruthenium fragments and two deprotonated ligands 6. Because these results were in conflict with any of the anticipated structures, we attempted to grow single crystals of 7 and 8. Suited crystals for a crystallographic analysis were obtained for complex 8. As depicted in Figure 2 , the complex is composed of two (toluene)ruthenium trimers, which are bridged by the tris(aminomethyl)benzene spacers.
12 As a result, a cylindrical structure with a length of 24.7 Å was observed (maximum H-H distance). Significant amounts of water were found in the crystal (g18 H 2 O per complex).
13
None of the water molecules reside in the interior of the cylinder, but several hydrogen-bond interactions with heteroatoms of the ligands were observed.
The geometries of the two trimeric (arene)ruthenium units in 8 are similar to what has been observed for other 2,3-dihydroxypyridine-based trimers: the metal centers are bridged by the two adjacent O atoms and the N atom of the pyridine groups, resulting in a 12-membered macrocycle.
9
The average Ru · · · Ru distance within the trimeric unit is 5.4 Å; Ru atoms at the opposite end of the cylinder are on average 17.1 Å apart from each other. The two arene groups in the center of the structure are coplanar, and the distance of 3.8 Å suggests favorable π-π interactions.
Complex 8 has a crystallographic inversion center. Consequently, the three stereogenic Ru centers at one end of the cylinder have the opposite relative configuration to that of the three Ru centers at the other end of the cylinder. The NMR spectra of complex 8 in solution are in agreement with the structure determined by X-ray crystallography. The lack of additional signals points to the fact that the assembly of 8 (and by analogy of 7) proceeds in a highly diastereoselective fashion.
In view of the high yields and the long reaction times, we assumed that 7 and 8 were formed under thermodynamic control. This was substantiated by the fact that a solution of complex 8 in CD 3 OD does not show any additional 1 H NMR signals for rearranged complexes after tempering the solutions for 1 h at 50°C.
14
In conclusion, we have described the syntheses of two hexanuclear complexes, which were obtained by baseinduced assembly of (arene)ruthenium(II) complexes with the novel tris(2,3-dihydroxypyridine) ligand 6. The complexes display an unprecedented type of structure: they form a molecular cylinder with two terminal (arene)ruthenium trimers, which act as the connecting end groups for two ligands. The bridging ligands are no longer C 3 -symmetric: two of the three arms are directed toward one end and the remaining arm toward the other end. Apparently, ligand 6 is too flexible to form a fully extended structure, as is required for the formation of a cage, but is still flexible enough to allow the partial back-folding of two arms. It will be interesting to see whether similar nanostructures can be obtained with other tripodal ligands.
Supporting Information Available: X-ray crystallographic file (CIF) for complex 8 and experimental data for the synthesis of ligand 6 and complexes 7 and 8. This material is available free of charge via the Internet at http://pubs.acs.org. 
